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ABSTRACT

7KH SDSHU GHDOV ZLWK D PDWKHPDWLFDO PRGHO IRU WKH FDOFXODWLRQ RI

WKHUPRG\QDPLF SURSHUWLHV RI VROLGV� 7KH PDWKHPDWLFDO PRGHO� EDVHG XSRQ VWDWLVWLFDO

WKHUPRG\QDPLFV� LV GHVLJQHG WR DVVHVV WKH LPSDFW RI DWRP YLEUDWLRQ� HOHFWURQ H[FLWDWLRQ

DQG WKH HIIHFW RI LQWHUPROHFXODU HQHUJ\ EHWZHHQ DWRPV LQ D FU\VWDO� 7R FDOFXODWH WKH

FRQILJXUDWLRQ LQWHJUDO WKH SHUWXUEDWLRQ WKHRU\ ZDV XVHG ZLWK WKH YDQ GHU :DDOV PRGHO DV

SHUWXUEDWLRQ� 7KH WHPSHUDWXUH�YDULDEOH FRHIILFLHQWV ZHUH LQWURGXFHG LQWR WKH PRGHO

SUHVHQWHG LQ WKLV SDSHU� )LQDOO\� WKH PRGHO ZDV FRPSDUHG ZLWK WKH H[SHULPHQWDO GDWD

SURYLQJ D JRRG PDWFKLQJ�

.(< :25'6� WKHUPRG\QDPLFV RI VROLGV� PROHFXODU FU\VWDOV� YHORFLW\ RI VRXQG�

SHUWXUEDWLRQ WKHRU\
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1. INTRODUCTION

7KH QHHG IRU PDWKHPDWLFDO PRGHOLQJ RI WKHUPRG\QDPLF SURSHUWLHV RI VWDWH DULVHV LQ

YDULRXV ILHOGV� &XUUHQWO\� D JURZLQJ HPSKDVLV LV SODFHG RQ QHZ PDWHULDOV� VXFK DV

GLIIHUHQW DOOR\V� SRO\PHUV� SODVWLF PDWHULDO DQG FHUDPLFV >���@� 'XH WR D ODUJH QXPEHU RI

SRVVLEOH FRPELQDWLRQV RI YDULRXV FRPSRQHQWV PDWKHPDWLFDO PRGHOV DUH IUHTXHQWO\ XVHG

WR SUHGLFW WKHUPRG\QDPLF SURSHUWLHV� 0DWKHPDWLFDO PRGHOLQJ LV RIWHQ XVHG DOVR LQ VRPH

PHWDOOXUJLFDO SURFHVVHV� VXFK DV VLQWHULQJ� FRUURVLRQ� ZHOGLQJ«� )XUWKHUPRUH� DQDO\WLFDO

FRPSXWDWLRQ RI WKHUPRG\QDPLF SURSHUWLHV RI VWDWH LQ VROLGV LV RI SDUDPRXQW LPSRUWDQFH

DOVR LQ D QXPEHU RI RWKHU ILHOGV VXFK DV SODQHWDU\ SK\VLFV� IRU H[DPSOH� $QRWKHU

LPSRUWDQW DUHD LV WKH SURGXFWLRQ RI OLTXLG�VROLG� VROLG�JDVHRXV SKDVH GLDJUDPV >�@� $W

KLJKHU SUHVVXUH DQG WHPSHUDWXUH EDQGV VXFK PHDVXUHPHQWV PD\ EH YHU\ FRVWO\� ZKLFK LV

ZK\ PDWKHPDWLFDO PRGHOV DUH RIWHQ XVHG LQVWHDG�

2. STATISTICALTHERMODYNAMICS OF SOLIDS

$VVXPH WKDW HDFK IRUP RI PRWLRQ LV LQGHSHQGHQW RI WKH RWKHUV� WKXV� WKH HQHUJ\ RI WKH

V\VWHP RI PROHFXOHV FDQ EH ZULWWHQ DV D VXP RI LQGLYLGXDO FRQWULEXWLRQV RU GHFRXSOHG

IRUPV RI PRWLRQ�

D� 9LEUDWLRQ HQHUJ\ RI PROHFXOHV �YLE� GXH WR WKH UHODWLYH PRWLRQ RI DWRPV LQVLGH WKH

PROHFXOHV�

E� 3RWHQWLDO HQHUJ\ �SRW� RI D V\VWHP RI PROHFXOHV� ZKLFK RFFXUV GXH WR WKH DWWUDFWLYH RU

UHSXOVLYH LQWHUPROHFXODU IRUFHV LQ D V\VWHP RI PROHFXOHV�

F� (QHUJ\ RI HOHFWURQV �HO�� ZKLFK LV FRQFHQWUDWHG LQ WKH HOHFWURQV RU LQ WKH HOHFWURQ VKHOO

RI DQ DWRP RU D PROHFXOH

G� 1XFOHDU HQHUJ\ �QXF�� ZKLFK LV FRQFHQWUDWHG LQ WKH DWRPLF QXFOHL�
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:ULWLQJ GRZQ WKH HQHUJ\ RI WKH JURXQG VWDWH ��� DV D VXP RI LQGLYLGXDO FRQWULEXWLRQV

RI HQHUJLHV LQ WKH JURXQG VWDWH IRU D V\VWHP RI PROHFXOHV� ZH REWDLQ�

 ����+++=
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QXFHOYLE� (((( . ���

7KH HQHUJ\ UHTXLUHG WR H[FLWH WKH V\VWHP RI PROHFXOHV WR KLJKHU HQHUJ\ OHYHOV LV�

FRQIQXFHOYLE� (((((( ++++= . ���

–SRWHQWLDO LQWHUPROHFXODU HQHUJ\ GHSHQGV XSRQ WKH SRVLWLRQ RI QXFOHL LQ WKH VSDFH

– ZH QHJOHFW WKH LQIOXHQFH RI WKH RULHQWDWLRQ RI D PROHFXOH LQ WKH VSDFH�

– ZH DVVXPH WKDW WKH LQWHUPROHFXODU HQHUJ\ RI WKH V\VWHP RI PROHFXOHV LV DQ DGGLWLYH

SURSHUW\�

– VLQFH LQ WKH SUHVHQWHG PRGHO WKH SKHQRPHQD WUHDWHG DUH DW KLJKHU WHPSHUDWXUHV�

ZKHUH TXDQWXP HIIHFWV KDYH D YHU\ ORZ LQIOXHQFH� ZH XVHG FODVVLFDO VWDWLVWLFDO

WKHUPRG\QDPLFV WR FRPSXWH WKH WKHUPRG\QDPLF SURSHUWLHV RI VWDWH RI RQH�� WZR� RU

PXOWL�DWRP PROHFXOHV� 7R WKLV HQG� ZH FDQ XVH WKH FDQRQLFDO SDUWLWLRQ >�@� ZKLFK GHDOV

ZLWK WKH V\VWHP RI SDUWLFOHV ZLWK WKH ILQDO QXPEHU RI SDUWLFOHV 1� WKH WHPSHUDWXUH 7 DQG

WKH YROXPH 9�

1RZ LQWURGXFH WKH WHUP RI SDUWLWLRQ IXQFWLRQ = >���@� ZKLFK DSSOLHV WR WKH V\VWHP RI

SDUWLFOHV DW D FHUWDLQ YROXPH 9� WHPSHUDWXUH 7 DQG SDUWLFOH QXPEHU 1�

$VVXPLQJ WKDW WKH HQHUJ\ VSHFWUXP LV FRQWLQXRV DQG KDYLQJ WKH DERYH DVVXPSWLRQV

ZH FDQ WKHQ ZULWH WKH FDQRQLFDO SDUWLWLRQ IXQFWLRQ IRU WKH RQH�FRPSRQHQW V\VWHP LQ DQ

HYHQ HDVLHU PDQQHU�
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7KH VHFRQG WHUP RQ WKH ULJKW�KDQG VLGH LQ (T� ��� LV FDOOHG WKH FRQILJXUDWLRQDO

LQWHJUDO� I LV WKH QXPEHU RI GHJUHHV RI IUHHGRP RI DQ LQGLYLGXDO PROHFXOH�

6LPLODUO\� ZH FDQ ZULWH GRZQ DOVR WKH SDUWLWLRQ IXQFWLRQ = IRU D PXOWL�FRPSRQHQW V\VWHP

RI LQGLVWLQJXLVKDEOH PROHFXOHV�
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,Q (T� ��� 1i LV WKH QXPEHU RI PROHFXOHV RI WKH L�WK FRPSRQHQW� Ii LV WKH QXPEHU RI

GHJUHHV RI IUHHGRP RI WKH L�WK PROHFXOH� 2Q WKH EDVLV RI DOO LQGLFDWHG JHQHUDOL]DWLRQV ZH

FDQ ZULWH� XVLQJ WKH FDQRQLFDO SDUWLWLRQ� WKH SDUWLWLRQ IXQFWLRQ = RI WKH RQH�FRPSRQHQW

V\VWHP DV D SURGXFW RI SDUWLWLRQ IXQFWLRQV�

FRQIQXFHOYLE� ====== = ���

)RU D V\VWHP RI PDQ\ FRPSRQHQWV WKH SDUWLWLRQ IXQFWLRQ = >�����@ FDQ EH ZULWWHQ DV D

SURGXFW RI SDUWLWLRQ IXQFWLRQV IRU LQGLYLGXDO WHUPV�
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%\ PHDQV RI WKH SDUWLWLRQ IXQFWLRQ = WKH FDQRQLFDO WKHRU\ DOORZV WKH FRPSXWDWLRQ RI

WKHUPRG\QDPLF SURSHUWLHV RI VWDWH >����@�
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3. VELOCITY OF SOUND

8VLQJ (T� ��� ZH FDQ FDOFXODWH DOVR VRPH GHULYHG WKHUPRG\QDPLF SURSHUWLHV RI

VWDWH�VXFK LV YHORFLW\ RI VRXQG� 9HORFLW\ RI VRXQG LV WKH YHORFLW\ RI WKH SURSDJDWLRQ RI

ORQJLWXGLQDO VRXQG ZDYHV� 7KH FDOFXODWLRQ RI WKH YHORFLW\ RI VRXQG LV YHU\ LPSRUWDQW

SULPDULO\ LQ WKH PHDVXULQJ V\VWHPV� VXFK DV LQ DFRXVWLF PHDVXULQJ GHYLFHV RI WKH OHYHO RI

WKH FRROLQJ PHGLXP� ,Q PRVW SURFHVVHV WKH DVVXPSWLRQ RQ LVHQWURSLF YHORFLW\ RI VRXQG LV

D VXIILFLHQWO\ JRRG DSSUR[LPDWLRQ� ,Q VRPH SURFHVVHV� VXFK DV WKH SURFHVV RI GLVVRFLDWLRQ

DQG LRQLVDWLRQ� WKH DVVXPSWLRQ RQ LVRWKHUPDO YHORFLW\ RI VRXQG LV FORVHU WR WKH UHDO VWDWH�

,VHQWURSLF YHORFLW\ RI VRXQG�
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4. VIBRATION PROPERTIES OF SOLIDS

2XU WKHUPRG\QDPLF V\VWHP FRQVLVWV RI 1 SDUWLFOHV DVVRFLDWHG E\ DWWUDFWLYH IRUFHV�

$WRPV LQ D FU\VWDO ODWWLFH DUH QRW PRWLRQOHVV EXW WKH\ FRQVWDQWO\ WKHUPDOO\ RVFLOODWH

DURXQG WKHLU SRVLWLRQV RI HTXLOLEULXP� $W WHPSHUDWXUHV IDU EHORZ WKH PHOWLQJ SRLQW WKH

PRWLRQ RI DWRPV LV DSSUR[LPDWHO\ KDUPRQLF >�����@� 7KLV DVVHPEO\ RI DWRPV KDV �1��

YLEUDWLRQ GHJUHHV RI IUHHGRP� ,JQRUH � YLEUDWLRQ GHJUHHV RI IUHHGRP DQG PDUN WKH

QXPEHU RI YLEUDWLRQ GHJUHHV RI IUHHGRP ZLWK �1�

7KURXJK WKH NQRZOHGJH RI LQGHSHQGHQW KDUPRQLF RVFLOODWRUV WKH GLVWULEXWLRQ

IXQFWLRQ = >��@ FDQ EH GHULYHG DV IROORZV�



�

1�

%

%

7N

K
H[S�

7N�

K
H[S

=


























 ν−−






 ν−
= ����

,Q (T� ���� ν LV WKH RVFLOODWLRQ IUHTXHQF\ RI WKH FU\VWDO� 7KH WHUP Kν�N LV WKH (LQVWHLQ

WHPSHUDWXUH θE�

,Q FRPSDULQJ WKH H[SHULPHQWDO GDWD IRU VLPSOH FU\VWDOV D UHODWLYHO\ JRRG PDWFKLQJ ZLWK

DQDO\WLFDO FDOFXODWLRQV DW KLJKHU WHPSHUDWXUHV LV REVHUYHG ZKHUHDV DW ORZHU WHPSHUDWXUHV

WKH GLVFUHSDQFLHV DUH KLJKHU� 7KLV LV ZK\ 'HE\H FRUUHFWHG WKH (LQVWHLQ¶V PRGHO E\ WDNLQJ

DFFRXQW RI WKH LQWHUDFWLRQV EHWZHHQ D QXPEHU RI TXDQWL]HG RVFLOODWRUV >��������@� 8VLQJ

WKH FDQRQLFDO GLVWULEXWLRQ WKH SDUWLWLRQ IXQFWLRQ >��@ PD\ EH ZULWWHQ DV�
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7KH 'HE\H FKDUDFWHULVWLF WHPSHUDWXUH ZDV GHWHUPLQHG E\ PHDQV RI WKH *U�QHLVHQ

LQGHSHQGHQW FRQVWDQW γ�

γ−=θ &9D � ����

ZKHUH & LV FRQVWDQW GHSHQGHQW RQ PDWHULDO�

:H GHYHORSHG D PDWKHPDWLFDO PRGHO IRU WKH FDOFXODWLRQ RI WKHUPRG\QDPLF SURSHUWLHV

RI SRO\DWRPLF FU\VWDOV� 7KH GHULYDWLRQV RI WKH (LQVWHLQ DQG 'HE\H HTXDWLRQV� RXWOLQHG LQ

WKH SUHYLRXV SDUDJUDSKV� DSSO\ VSHFLILFDOO\ WR PRQRDWRPLF VROLGV� L�H� WKRVH EHORQJLQJ WR

WKH FXELF V\VWHP� +RZHYHU� H[SHULPHQWV KDYH VKRZQ WKDW WKH 'HE\H HTXDWLRQ UHSUHVHQWV

WKH YDOXHV RI VSHFLILF KHDW DQG RWKHU WKHUPRSK\VLFDO SURSHUWLHV IRU FHUWDLQ RWKHU

PRQRDWRPLF VROLGV� VXFK DV ]LQF� ZKLFK FU\VWDOOL]HV LQ WKH KH[DJRQDO V\VWHP� 6XSSRVH

WKDW WKH FU\VWDO FRQWDLQV 1 PROHFXOHV� HDFK FRPSRVHG RI V DWRPV� 6LQFH WKHUH DUH 1V

DWRPV� WKH FU\VWDO DV D ZKROH KDV �1V YLEUDWLRQDO PRGHV� $ UHDVRQDEOH DSSUR[LPDWLRQ LV

REWDLQHG E\ FODVVLI\LQJ WKH YLEUDWLRQ LQWR

D� �1 ODWWLFH YLEUDWLRQV� ZKLFK DUH WKH QRUPDO PRGHV GLVFXVVHG LQ WKH 'HE\H

WUHDWPHQW �DFRXVWLFDO PRGHV��

E� ,QGHSHQGHQW YLEUDWLRQV RI LQGLYLGXDO PROHFXOHV LQ ZKLFK ERQG DQJOHV DQG OHQJWKV

PD\ YDU\� 7KHUH PXVW EH �1�V��� RI WKHVH �RSWLFDO PRGHV�� :H H[SUHVVHG WKH

RSWLFDO PRGHV XVLQJ WKH (LQVWHLQ PRGHO�

5. INFLUENCES OF ELECTRONS

��� (OHFWURQLF *DV LQ 0HWDOV

:H DUH LQWHUHVWHG LQ HOHFWURQV FDSDEOH RI PRYLQJ LQ D FU\VWDO DQG QRW EHORQJLQJ WR

DQ\ LQGLYLGXDO DWRPV EXW HQWLUHO\ WR WKH FU\VWDO� 6XFK DUH� IRU H[DPSOH� FRQGXFWLRQ
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HOHFWURQV LQ PHWDOV� $ QXPEHU RI VXFK HOHFWURQV PD\ EH FDOOHG HOHFWURQLF JDV� 8VLQJ WKH

)HUPL�'LUDF VWDWLVWLFV WKH FRQILJXUDWLRQ LQWHJUDO >�������������@ PD\ WKHQ EH FDOFXODWHG

IRU WHPSHUDWXUHV ORZHU WKDQ WKH )HUPL WHPSHUDWXUH�
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)RU PHWDOV WKH )HUPL WHPSHUDWXUH LV D IHZ WKRXVDQG NHOYLQV� ,Q (T� ���� εF LV )HUPL

HQHUJ\�
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��� ,QIOXHQFH RI (OHFWURQ ([FLWDWLRQ

7R FDOFXODWH WKH LQIOXHQFH RI HOHFWURQ H[FLWDWLRQ LQWR H[FLWHG VWDWHV FODVVLFDO

PRGHOV RI VWDWLVWLFDO WKHUPRG\QDPLFV PD\ EH XVHG� 7KH HOHFWURQ SDUWLWLRQ IXQFWLRQ IRU WKH

WHFKQLFDO UDQJH RI WHPSHUDWXUHV DQG SUHVVXUHV FDQ EH ZULWWHQ DV IROORZV�
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,Q (T� ���� θel LV HOHFWURQLF FKDUDFWHULVWLF WHPSHUDWXUH� Jel(0) DQG Jel(1) DUH WKH GHJUHHV RI

GHJHQHUDWLRQ RI WKH EDVLF DQG WKH ILUVW H[FLWHG VWDWH�

6. CRYSTAL BONDS

7KH ERQGV EHWZHHQ WKH DWRPV RU PROHFXOHV LQ D FU\VWDO DUH RI HOHFWURVWDWLF QDWXUH�

7KH\ DUH EDVHG XSRQ &RXORPE
V ODZ RI DWWUDFWLYH DQG UHSXOVLYH IRUFHV� $WRPV DUH

DVVRFLDWHG LQWR D FU\VWDO LI WKH WRWDO HQHUJ\ RI WKH V\VWHP LV UHGXFHG� 5RXJKO\ VSHDNLQJ�

ERQGV PD\ EH FODVVLILHG LQWR WKH LQWR WKH IROORZLQJ W\SHV�
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D� 9DQ GHU :DDOV ERQGV UHVXOW IURP IRUFHV EHWZHHQ LQHUW DWRPV DQG PRVWO\ VDWXUDWHG

PROHFXOHV >������������@� 9DQ GHU :DDOV �9':� IRUFHV DSSHDU GXH WR WLPH�YDU\LQJ

GLSROH PRPHQWV RFFXUULQJ GXH WR D UDSLG PRWLRQ RI HOHFWURQV� ,Q VROLGV WKLV IRUP RI ERQG

LV UDWKHU UDUH� 7KH V\VWHP RI PROHFXOHV ERXQG LQ WKLV PDQQHU LV FDOOHG D PROHFXODU FU\VWDO�

W\SLFDO RI VRPH PROHFXOHV VXFK DV &22� &+4� 1+3« 7KH SURSHUWLHV RI VXEVWDQFHV

ERXQG E\ PHDQV RI WKH 9': ERQG DUH VRIWQHVV� ORZ PHOWLQJ SRLQW DQG VROYDELOLW\ LQ

FRYDOHQW OLTXLGV�

E� ,RQLF ERQGV RFFXU GXH WR LQWHUDFWLRQV EHWZHHQ LRQV RI RSSRVLWH FKDUJH� ZKLFK UHVXOWV

LQ DQ DUUDQJHG WKUHH�GLPHQVLRQDO VWUXFWXUH

F� &RYDOHQW RU VWURQJ ERQG LV IRUPHG LI RQH RU PRUH HOHFWURQV DUH VKDUHG EHWZHHQ WZR

DWRPV

G� 0HWDOOLF ERQG RFFXUV LQ PHWDOOLF FU\VWDOV ZLWK H[WHUQDO YDOHQFH HOHFWURQV UHODWLYHO\

ZHDNO\ ERXQG WR WKH QXFOHXV RI WKH DWRP�

H� +\GURJHQ ERQG� ZKLFK SOD\V DQ LPSRUWDQW UROH LQ LFH� K\GUDWHV RI VDOW� LV IRUPHG LQ

SRODU SDUWV RI PROHFXOHV ZKHUH K\GURJHQ LV SUHVHQW�

7KH DQDO\WLFDO FDOFXODWLRQ RI FRQILJXUDWLRQ LQWHJUDO LQ VROLGV LV D YHU\ GLIILFXOW WDVN� 0RVW

IUHTXHQWO\ QXPHULFDO SURFHGXUHV DUH DSSOLHG LQ SUDFWLFDO FRPSXWDWLRQV E\ PHDQV RI WKH

0RQWH�&DUOR PHWKRG >����@� 1HYHUWKHOHVV� WKH SUHVHQWHG PHWKRG UHTXLUHV D ORW RI

FRPSXWHU WLPH ZLWK DQRWKHU VHULRXV GUDZEDFN EHLQJ DOVR WKDW LW GRHV QRW SURYLGH D

IXQFWLRQDO GHSHQGHQFH RI WKHUPRG\QDPLF SURSHUWLHV RQ WHPSHUDWXUH DQG YROXPH�

(PSLULFDO HTXDWLRQV
6
DUH IUHTXHQWO\ XVHG DV ZHOO� WKRXJK PRVWO\ ZLWKRXW DQ\ WKHRUHWLFDO

EDVLV EXLOW RQ D PROHFXODU YLHZ RI WKH ZRUOG� ,Q WKH SDSHU SUHVHQWHG ZH XVHG WKH

SHUWXUEDWLRQ 9': WKHRU\ IRU VROLGV DURXQG WKH PRGHO RI KDUG VSKHUHV >��������@ WR

FDOFXODWH WKH WKHUPRG\QDPLF SURSHUWLHV RI VWDWH� ,Q RUGHU WR FDOFXODWH WKH PL[WXUHV RI
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DWRPV RI KDUG VSKHUHV ZH REWDLQ WKH FRQILJXUDWLRQ IUHH HQHUJ\ IRU D FHUWDLQ ELQDU\

FU\VWDO�
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7R FDOFXODWH WKH SHUWXUEDWLRQ FRQWULEXWLRQ WKH 9': PRGHO ZDV XVHG� ,Q PRVW RI

WKH WHFKQLFDO OLWHUDWXUH >�����@ WKH 9': PRGHO LV WUHDWHG RQO\ LQ UHODWLRQ WR DWRPLF

VWUXFWXUH� ZKHUHDV ZH DGGLWLRQDOO\ SUHVHQWHG WKH WHPSHUDWXUH�GHSHQGHQW FRHIILFLHQWV�
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7KH FRQILJXUDWLRQ LQWHJUDO LV WKXV IRUPHG E\ WKH FRQWULEXWLRQ RI KDUG VSKHUHV DQG

SHUWXUEDWLRQ�

�FRQI�FRQIFRQI $$$ += � ����

,Q RXU FDVH FRHIILFLHQW D ZDV GHWHUPLQHG DV D WHPSHUDWXUH�GHSHQGHQW SRO\QRPH IROORZLQJ

D FRPSDULVRQ EHWZHHQ H[SHULPHQWDO GDWD DQG DQDO\WLFDO UHVXOWV�

�

��� 7D7DDD ++= � ����

&RHIILFLHQWV D0� D1� D2 DUH REWDLQHG E\ QXPHULFDO DSSUR[LPDWLRQ DQG WKH FRPSDULVRQ ZLWK

WKHUPRG\QDPLF GDWD�

7. RESULTS AND DISCUSSION

7KH SUHVHQWHG PDWKHPDWLFDO PRGHO ZDV XVHG WR FDOFXODWH WKHUPRG\QDPLF SURSHUWLHV RI

VWDWH RI VRPH VROLGV� QDPHO\�
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�� &RSSHU �&X�� DV D W\SLFDO UHSUHVHQWDWLYH RI PHWDOOLF ERQG�

�� 6RGLXP FKORULGH �1D&O�� DV D W\SLFDO UHSUHVHQWDWLYH RI LRQLF ERQG�

�� &DUERQ GLR[LGH �&22�� DV D W\SLFDO UHSUHVHQWDWLYH RI PROHFXODU FU\VWDOV�

7DEOHV ���� DQG � VKRZ WKH FRPSDULVRQ EHWZHHQ DQDO\WLFDO FDOFXODWLRQV DQG H[SHULPHQWDO

YDOXHV >�����@� 3UHVHQWHG DUH WKH UHVXOWV RI HQWKDOS\� VSHFLILF KHDW DQG YHORFLW\ RI VRXQG�

7KH FRPSDULVRQ RI UHVXOWV VKRZHG D YHU\ JRRG PDWFKLQJ ZLWK H[SHULPHQWDO GDWD�

SDUWLFXODUO\ IRU FRSSHU� 6RPHZKDW OHVV RSWLPXP LV WKH PDWFKLQJ RI DQDO\WLFDO FDOFXODWLRQV

ZLWK H[SHULPHQWDO GDWD� VXFK DV 1D&O DQG &22� 7KH UHDVRQ IRU VXFK D KLJKHU GLVFUHSDQF\

EHWZHHQ WKH PHDVXUHG DQG FDOFXODWHG UHVXOWV OLHV LQ WKH FRPSOH[ VWUXFWXUH RI FU\VWDOV

FRPSRVHG RI GLYHUVH DWRPV�

120(1&/$785(�

$ IUHH HQHUJ\

$$' DYHUDJH DEVROXWH GHYLDWLRQ

DQ� DQDO\WLFDO UHVXOWV

F0S LVHQWURSLF YHORFLW\ RI VRXQG

F0T LVRWKHUPDO YHORFLW\ RI VRXQG

&v KHDW FDSDFLW\ DW FRQVWDQW YROXPH SHU PROH

&p KHDW FDSDFLW\ DW FRQVWDQW SUHVVXUH SHU PROH

( HQHUJ\

([S� ([SHULPHQWDO UHVXOWV

I QXPEHU RI GHJUHHV RI IUHHGRP

J GHJUHH RI GHJHQHUDWLRQ
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+ HQWKDOS\� +DPLOWRQLDQ

K� ! 3ODQFN FRQVWDQW

NB %ROW]PDQQ FRQVWDQW

0 PROHFXODU PDVV

1 QXPEHU RI PROHFXOHV LQ V\VWHP

S SUHVVXUH� PRPHQWXP

6 HQWURS\

7 WHPSHUDWXUH� NLQHWLF HQHUJ\

7F )HUPL WHPSHUDWXUH

8 LQWHUQDO HQHUJ\

9 YROXPH� SRWHQWLDO HQHUJ\

= SDUWLWLRQ IXQFWLRQ

ν RVFLODWLRQ IUHTXHQF\

εF )HUPL HQHUJ\

θel HOHFWURQLF WHPSHUDWXUH

θD 'HE\H WHPSHUDWXUH

θE (LQVWHLQ WHPSHUDWXUH

γ *U�QHLVHQ FRQVWDQW



��

REFERENCES

�� 1�$� *RNFHQ� 6WDWLVWLFDO 7KHUPRG\QDPLFV RI $OOR\V� HG��3OHQXP 3UHVV� 1HZ <RUN

������

�� $�'� 3HOWRQ� �:�7� 7KRPSVRQ� 3URJUHVV LQ 6ROLG 6WDWH &KHPLVWU\� 10: ��� ������

�� '�$� 3RUWHU� .�$� (DVWHUOLQJ� 3KDVH 7UDQVIRUPDWLRQV LQ 0HWDOV DQG $OOR\V� HG�

�&KDSPDQ 	 +DOO� /RQGRQ� ������

�� .� /XFDV� 6WDWLVWLFDO 7KHUPRG\QDPLFV� HG� �6SULQJHU 9HUODJ� 1HZ <RUN� ������

�� 5�-� %RUJ� *�-� 'LHQHV� 7KH 3K\VLFDO &KHPLVWU\ RI 6ROLGV� HG� �$FDGHPLF 3UHVV ,QF��

����� %RVWRQ��

�� 1�$� 6PLUQRYD� 0HWKRGV RI WKH 6WDWLVWLFDO 7KHUPRG\QDPLFV LQ WKH 3K\VLFDO

&KHPLVWU\� HG� �8QLYHUVLW\ RI 0RVFRZ� 0RVFRZ� ������

�� )� 5HLI� 6WDWLVWLFDO DQG 7KHUPDO 3K\VLFV� HG� �0F*UDZ�+LOO� 7RN\R� ������

�� $� 0�QVWHU� 6WDWLVWLFDO 7KHUPRG\QDPLFV� HG� �6SULQJHU�9HUODJ� %HUOLQ� ������

�� 5�$�
 
6ZDOLQ� 7KHUPRG\QDPLFV RI 6ROLGV� HG��-RKQ :LOH\ 	 6RQV� 1HZ <RUN� ������

��� %�-� 0F&OHOODQG� 6WDWLVWLFDO 7KHUPRG\QDPLFV� HG� �&KDSPDQ 	 +DOO 6FLHQFH

3DSHUEDFNV� /RQGRQ� ������

��� :�-� 0RRUH� 3K\VLFDO &KHPLVWU\� HG��3UHQWLFH�+DOO� 1HZ -HUVH\� ������

��� 0�:� =HPDQVN\� 5�+� 'LWWPDQ� +HDW DQG 7KHUPRG\QDPLFV� HG� �0F*UDZ�+LOO� 1HZ

<RUN� ������

��� &� *DUURG� 6WDWLVWLFDO 0HFKDQLFV DQG 7KHUPRG\QDPLFV� HG� �2[IRUG 8QLYHUVLW\

3UHVV� 1HZ <RUN� ������



��

��� 5�7� 'H+RII� 7KHUPRG\QDPLFV LQ 0DWHULDO 6FLHQFH� HG� �0F*UDZ�+LOO� 6LQJDSRUH�

������

��� -�$� %DUNHU� /DWWLFH 7KHRULHV RI /LTXLG 6WDWH� HG� �3HUJDPPRQ 3UHVV� �����

/RQGRQ��

��� '�$� <RXQJ� -� &KHP� 3K\V�� 98� ���� �������

��� $� 'RQRXQ� &�)� 7HMHUR� 0� %DXV� 3K\VLFDO 5HY� (� 50� ���� �������

��� 7� +LQR� -�0� 3UDXVQLW]� $,&K( -RXUQDO� 45� ��� �������

��� &� %RUJQDNNH� 5�(� 6RQQWDJ� 7KHUPRG\QDPLF DQG 7UDQVSRUW 3URSHUWLHV� 8QLYHUVLW\

RI 0LFKLJDQ� HG� �-RKQ :LOH\ 	 6RQV� ,QF�� 1HZ <RUN� ������

��� 0� 2SUHãQLN� 7KHUPRG\QDPLFDO 7DEOHV� HG� �8QLYHUVLW\ RI /MXEOMDQD� /MXEOMDQD�

������



��

TABLES

7DEOH �� ,VHQWURSLF DQG LVRWKHUWPDO YHORFLW\ RI VRXQG IRU FRSSHU

7

.

9

��
6
P

3
�PRO

F0S�DQ�

P�V

F0S�H[S�

P�V

F0T�DQ�

P�V

F0T�H[S�

P�V

��� ���� ���� ���� ������ ������

��� ���� ���� ���� ������ ������

��� ���� ���� ���� ������ ������

��� ���� ���� ���� ������ ������

���� ���� ���� ���� ������ ������

$$' ������ ������



��

7DEOH �� ,VHQWURSLF DQG LVRWKHUPDO YHORFLW\ RI VRXQG IRU VRGLXP FKORULGH

7

.

9

��
6
P

3
�PRO

F0S�DQ�

P�V

F0S�H[S�

P�V

F0T�DQ�

P�V

F0T�H[S�

P�V

��� ����� ���� ���� ���� ����

��� ����� ���� ���� ���� ����

��� ����� ���� ���� ���� ����

��� ����� ���� ���� ���� ����

��� ����� ���� ���� ���� ����

$$' ������ �����



��

7DEOH �� 0RODU KHDW FDSDFLW\ DW FRQVWDQW SUHVVXUH DQG HQWKDOS\ IRU FDUERQ GLR[LGH

7

.

9

��
6 
P

3
�PRO

&P�DQ�

-�PRO.

&P�H[S�

-�PRO.

+�DQ�

N-�PRO

+�H[S

N-�PRO

��� ������ �� ���� ���� ����

��� ������ ���� ���� ���� ����

��� ������ ���� ���� ���� ����

��� ������ ���� �� ���� ����

��� ������ ���� ���� ���� ����

$$' ���� �����


